The pressure measured in the intervertebral discs is a response to the loads acting on the spine. External loads, such as the reaction forces resulting from locomotion, manual handling and collisions are probably the most relevant in studying spine trauma. However, the physiological functions such as breathing and hearth rate also participate in subtle variations of intradiscal pressure that can be observed only in vivo at resting. Present work is an effort to measure the effect of breathing on intradiscal pressure of an anesthetized sheep.
INTRODUCTION
The studies conducted by Nachemson during the sixties are the starting point concerning the in vivo loading conditions of the spine [1] . However, since that time few in vivo studies have been performed [2] [3] [4] [5] particularly due to large sensor dimensions, in the millimeter order, expected to induce disc degeneration [6] . Meanwhile, advances in miniaturization and fiber optic technology are contributing to present interesting sensing solutions for minimally invasive procedures [7] . Fiber optic sensors (FOS) present several properties, such as micrometric dimensions and geometric versatility, high sensitivity and resolution, biocompatibility, chemical inertness and immunity to electromagnetic radiation, making them an emerging sensing technology, namely in the biomedical field.
In the present study a fiber optic sensor (FOS) was used to measure the intradiscal pressure pattern during spontaneous breathing. It corresponds to a small amplitude periodic variation that is superimposed on the resting intradiscal pressure signal [8] . It can be measured in the lying position under general anesthesia and the phenomenon seems to be less evident in the upright or sitting postures [2] . This pressure fluctuation could play an important role in the nutrition of the intervertebral disc (IVD) helping to pace the rate of diffusion and osmosis of nutrients from blood vessels of the vertebral body through the cartilage endplate into the disc matrix [8] [9] .
METHODOLOGY
An ultra-miniature fiber optic high pressure sensor (Samba Preclin 360 HP, Västra Frölunda, Sweden) was implanted in the 5 th lumbar IVD of a 4-year-old female merino ewe (m=45 kg) under general anesthesia. Sensor consisted of a silicon sensing head with 360 μm diameter mounted on an optical multimode fiber with approximately 400 μm diameter (Fig.1 ).
Radiopaque coating
Sensor head A purpose-built acquisition system was used to interrogate the sensor (Fig.2 ). Part of the incoming light from a superluminescent diode (SLD) was used as the signal of reference, in order to account for source power fluctuations, and the remaining light was used was used to interrogate the sensor (Fig.2) . The output signal consisted of the sensor signal divided by the reference signal and was measured at a sampling rate of 17 Hz. A GPIB-USB controller (Prologix, LLC, WA, USA) was used to allow communication between the PC and the optical power meter (Fig.2) .
Sensor was calibrated for a pressure interval between 0 and 14.0 bar which is in the range of intradiscal pressures [10] . In order to detect hysteresis three increasing and decreasing pressure cycles were performed. The maximum error introduced by hysteresis was calculated as a percentage of the maximum pressure. The calibration coefficients were obtained from the calibration curves and used during in vivo acquisition. Maximum sensor drift for measurement periods of 30 minutes was estimated for pressures values of 0, 0.7 and 14.0 bar.
To implant the sensor the sheep was maintained in a lateral right recumbence position under anesthesia and spontaneous ventilation (Fig.3) . The heart and respiratory rates were controlled (Fig.3) . A dorsolateral transforaminal approach was followed for sensor implantation. Basically, it consists of inserting a guiding needle percutaneously into the dorsolateral intervertebral disc space under fluoroscopic control (Fig.3) . Once positioned in the nucleus pulposus of the IVD the stylet point of the needle was taken out and the sensor was passed fully through the cannula into the target. The cannula was retracted from the IVD and data collection started (Fig.3) . Figure 3 . Sensor implantation was performed under fluoroscopic control. The heart and respiratory rates were controlled.
RESULTS AND DISCUSSION
Sensor exhibited a linear behavior during calibration for a pressure range between 0 and 14 bar. Maximum hysteresis was 0.46% and maximum sensor drift was of ±0.002 bar. The intradiscal pressure variation pattern observed during spontaneous breathing was plotted in Fig 4. On average, the signal periodicity was 2.81 ± 0.12s which corresponds to approximately 21.30 ± 0.12 pressure cycles per minute. The previous rate was similar to the mean respiratory rate under spontaneous ventilation which was 20.5 breaths per minute. Sato et al. [2] , found that the pressure wave pattern was synchronized with the number of respirations but did not presented the corresponding rates. The effects of breathing rate and volume on disc pressure were studied by Keller et al. [8] in lumbar discs of anesthetized pigs. In that case, instead of promoting spontaneous ventilation, a ventilator was used to control the previous parameters. Breathing had a significant effect on the intradiscal pressure, which seems to decrease with breathing rate and increase with breathing volume [8] . In the present study pressure fluctuations ranged between 2.31 bar and 3.45 bar with a maximum amplitude of 1.14 bar (Fig.4) . On average the resting intradiscal pressure corresponding to lateral right recumbence position was 2.78 ± 0.28 bar (Fig.4) . Few studies have registered this possible effect of breathing on intradiscal pressure. Moreover, the phenomenon was only presented graphically along with the calculation of the mean resting pressure [2, [11] [12] [13] . Thus, it is only possible to discuss the mean resting pressure which ranged from 0.7 bar [11] to 2.0 bar [12] , in the previous studies. Nevertheless, higher mean resting pressures were also found in rabbits, ranging from 2.2 to 4.2 bar, and in humans, ranging from 1.4 to 8.3 bar, but the breathing effect was not reported [14] [15] . The resting pressure seems to depend not only on the specimen used but also on the resting position and disc level [5] . For example, for the same disc levels (T9-T10, T10-T11) the resting pressure was higher for the lying on side position (3.0 bar) than in the lying prone position (2.0 bar). Ekström et al. [13] also suggested the resting pressure can be influenced by the pre-tension in the ligaments and the AF, being also highly dependent on the angulation of the vertebrae. The above factors may explain the differences found between studies.
CONCLUSIONS
A fiber optic sensor allowed measuring a possible effect of breathing on the intradiscal pressure. Few data is available for discussion of the observed pattern. The majority of studies focused on the mean resting pressure which was discussed using available data. Further improvements in the acquisition system will allow correlating the pressure pattern with breathing movement (e.g. inhalation and exhalation) and heart rate.
